We report absolute elastic differential cross sections for electron interactions with the C 4 F 6 isomers, hexafluoro-1,3-butadiene (1,3-C 4 F 6 ), hexafluoro-2-butyne (2-C 4 F 6 ), and hexafluorocyclobutene (c-C 4 F 6 ). The incident electron energy range is 1.5-200 eV, and the scattered electron angular range for the differential measurements varies from 15
We report absolute elastic differential cross sections for electron interactions with the C 4 F 6 isomers, hexafluoro-1,3-butadiene (1,3-C 4 F 6 ), hexafluoro-2-butyne (2-C 4 F 6 ), and hexafluorocyclobutene (c-C 4 F 6 ). The incident electron energy range is 1.5-200 eV, and the scattered electron angular range for the differential measurements varies from 15
• to 150
• . In all cases the absolute scale of the differential cross section was set using the relative flow technique, with helium as the reference species. Atomic-like behaviour in these scattering systems is shown here for the first time, and is further investigated by comparing the elastic cross sections for the C 4 F 6 isomers with other fluorinated molecules, such as SF 6 and C n F 6 (n = 2, 3, and 6). We note that for all the six-F containing molecules, the scattering process for electron energies above 30 eV is indistinguishable. Finally, we report results for calculations of elastic differential cross sections for electron scattering from each of these isomers, within an optical potential method and assuming a screened corrected independent atom representation. The level of agreement between these calculations and our measurements is found to be quite remarkable in all cases. 
I. INTRODUCTION
In this paper we report absolute elastic differential cross sections (DCSs) for electron interactions with the C 4 F 6 isomers, hexafluoro-1,3-butadiene (1,3-C 4 F 6 ), hexafluoro-2-butyne (2-C 4 F 6 ), and hexafluorocyclobutene (c-C 4 F 6 ), and compare these with four other molecules containing six fluorine atoms, i.e., C 6 F 6 , SF 6 , and C n F 6 (n = 2 and 3). This is the third part of our study into the scattering dynamics in electron collisions with these compounds. Our first contribution 1 dealt with a comprehensive study into electronic excitation to the singlet states of the C 4 F 6 isomers by electron energyloss spectroscopy and ab initio calculations, while our second contribution 2 addressed the role of low-lying triplet states in the dissociation mechanism behind the formation of CF x radicals from these compounds, which is a topic with particular relevance for plasma etching. a) Author to whom correspondence should be addressed. In a recent review, Yoon and co-workers 3 presented a collection of elastic differential, integral, and momentum transfer cross sections for electron-polyatomic molecule collisions for 17 molecular species relevant to plasma processing. In this work, also a comprehensive survey of previous experimental and theoretical electron scattering studies for these polyatomic molecules is given. Among the molecules reported by Yoon and co-workers 3 are C 6 F 6 , SF 6 , and C n F 6 (n = 2 and 3). These all exhibit very different molecular properties but at the same time they all have in common that they contain six fluorine atoms. A comparison of the DCSs reported for these molecules with the DCSs measured here for the C 4 F 6 isomers is thus well suited as a measure for the validity range of the IAM (Independent Atom Model) approximation.
To our knowledge, the only previous experimental work on electron scattering from 1,3-C 4 F 6 and 2-C 4 F 6 is grand total cross section (TCS) measurements by Szmytkowski and Kwitnewski 4, 5 covering the energy range from 0.5 to 370 eV. In Table I we summarize the dipole moment and polarizability for C 4 F 6 isomers together with these for SF 6 , C 6 F 6 , and C n F 6 (n = 2 and 3). While 1,3-C 4 F 6 and 2-C 4 F 6 TABLE I. A summary of some of the important physicochemical properties of the C 4 F 6 isomers, 1,3-C 4 F 6 , 2-C 4 F 6 , and c-C 4 F 6 . Also included are the dipole polarizabilities of F, SF 6 , C 2 F 6 , C 3 F 6 , and C 6 F 6 . have no dipole moments and c-C 4 F 6 shows a rather modest value (Table I) , all these compounds have dipole polarizabilities of considerable magnitude. Thus, we may anticipate that the main factor determining the angular and energy dependent behaviour of the intermediate-energy electron-scattering cross sections for these compounds is the polarization effect.
In a recent work on elastic electron scattering from the halomethane molecules CH 3 X (X = F, Cl, Br, and I), 6 atomic-like behaviour of these scattering systems was clearly demonstrated for the first time by comparing the elastic cross sections of such molecules with those reported for the corresponding noble gases Ne, Ar, Kr, and Xe, respectively. Moreover, Limão-Vieira et al. 7 have, soon after, demonstrated atomic-like behaviour of the CCl 4 scattering system by comparison of the elastic cross sections at intermediate impact energies with these for chloromethane (CH 3 Cl) and atomic chlorine. 6 Nevertheless, it has been suggested that the charge distribution of the electrons in the target molecule plays an important role in the energy range that was considered, i.e., 50-200 eV. In both studies, 6, 7 optical potential calculations, assuming an independent atom configuration including screening corrections for larger molecules (IAM-SCAR), 8, 9 have been employed. We note that this represented the first such theoretical data to become available in the literature for those scattering systems.
The present study represents a new and original experimental contribution for the measurement of elastic differential cross section data for C 4 F 6 isomers and their comparison with other six-F containing molecules. Here, we are aiming to show that the scattering process, generally speaking above 30 eV, is not sensitive to the nature of the inner atomic constituents but rather to the outer, i.e., in the electron-molecule scattering process, atoms being shielded by outer ones do not contribute to the molecular cross section. In Sec. II we provide details on the experimental apparatus and the measurement techniques that have been used. In Sec. III, we present a brief discussion on the theoretical approach as well on the fitting and integration methods used and in Sec. IV the experimental results are presented together with a discussion and comparison with other results, where that is possible. Finally, some conclusions that can be drawn from this study are given in Sec. V.
II. APPARATUS AND OPERATING PROCEDURES
Two different crossed-beam electron spectrometers were used in the present work. One was used for low-impact energies and high resolution (EELS-1) and the other for energies above 50 eV and low resolution (EELS-2). Both spectrometers have been described in detail before, 6 , 10 so only a brief description will be given here. A monochromatic electron beam is generated with a hemispherical electron monochromator and crossed at right angles with an effusive molecular beam that enters the interaction region through a 5 mm long capillary with a 0.3 mm inner diameter. After electron interaction with the target gas, the scattered electrons are energy analysed with a hemispherical electron analyser, which can be rotated around the gas jet, and detected with an electron multiplier. Both the electron monochromator and the energy analyser are enclosed in separate, differentially pumped housings. This greatly reduces the effect of background gases and improves the stability of the spectrometer, particularly when reactive gases are being studied. The typical base pressure in the main chamber was 1.0 × 10 −5 Pa and, upon gas admission, increased to 1.0 × 10 −4 Pa. In order to reduce any possible contamination during measurements, the spectrometer and molecular beam source are heated to a temperature of about 55
• C. The 1,3-C 4 F 6 gas sample was supplied from Kanto Denak Kogyo Co., Ltd. and 2-C 4 F 6 and c-C 4 F 6 were supplied by Hydrus Chemical Inc. The stated purity was 99.9% for 1,3-C 4 F 6 and 98% for 2-C 4 F 6 and c-C 4 F 6 , respectively. All substances were used as delivered.
In the current experiments the energy resolution of the incident electron beam was 35-45 meV and 80-100 meV (FWHM), for EELS-1 and EELS-2, respectively. Correspondingly, the electron current of the former was typically few nA and that of the latter, 30-40 nA (depending on the initial electron energy). Due to the finite resolution of these instruments there could, in principle, be contributions to the elastic signal from some of the lower-lying vibrational modes of C 4 F 6 . In the energy range above 10 eV, however, such vibrational contributions are expected to be very small compared to the elastic intensity, and thus are not expected to make any significant contribution to the measured elastic cross sections. Above 10 eV incident electron energy, we thus do not make any effort to extract these contributions. Below 10 eV, however, the energy loss spectra have been deconvoluted with Gaussian profiles representing the lower-lying vibrational modes of C 4 F 6 to separate these from the elastic DCSs (not shown here). The incident electron energy was calibrated with respect to the 19.365 eV, 2 S resonance in He, 11 and with respect to the 2 g resonance in N 2 for the vibrational excitations around 2.4 eV. 12 The hemispherical electron analyser is placed on a turntable stage and can be rotated from −10
• to +130
• for EELS-1 and from −10
• to +150
• for EELS-2, with respect to the incident electron beam. The angular resolution is about ±1.5
• in both instruments. The absolute scale of the present DCSs was set using the relative flow technique, 13 in which the ratio of the elastic scattering intensity for the C 4 F 6 molecules to that of helium under the same experimental conditions was determined. Then employing the known helium elastic DCSs, as reported in Boesten and Tanaka, 14 we can derive the respective DCSs. We estimate that the experimental uncertainties on the resulting C 4 F 6 DCSs lie in the range of 15%-20%, with the actual value depending on the specific incident electron energy (E 0 ) and scattered electron angle (θ ) under consideration. This overall error is largely comprised of the uncertainty in the reference helium DCSs, and the uncertainty arising from the gas flow conditions for the relative flow technique. To a much lesser extent uncertainty arising from the statistical accuracy of the data and the fluctuation in the current of the incident electron beam is negligible (<1%).
III. THEORETICAL APPROACH (IAM-SCAR), FITTING AND INTEGRATION METHODS
Details of the application of the IAM-SCAR 8, 9 method to electron interactions have been provided in a number of previous papers (see, e.g., Refs. 6 and 7). Briefly, each atomic target (C, F) is represented by an interacting complex potential (the so-called optical potential). The real part accounts for the elastic scattering of the incident electrons, and the imaginary part represents the inelastic processes, which are considered as "absorption" from the incident beam. For the elastic part, the potential is represented by the sum of three terms: (a) a static term derived from a Hartree-Fock calculation of the atomic charge density distribution, (b) an exchange term to account for the indistinguishability of the incident and target electrons, and (c) a polarization term for the long-range interactions which depends on the target polarizability α (see Table I ). The inelastic scattering, on the other hand, is treated as electron-electron collisions. Further improvements to the original formulation in the description of the electron's indistinguishability and the inclusion of screening effects led to a model which provides a good approximation for electronatom scattering over a broad energy range. To calculate the cross sections for electron collisions with C 4 F 6 isomers, the additivity rule (AR) is then applied to the optical model results for each constituent atom. In this approach, the molecular scattering amplitude stems from the sum of all the relevant atomic amplitudes, including the phase coefficients, which gives the DCSs for the molecule of interest. Integral cross sections (ICSs) can then be determined by integrating those DCSs. The geometry of the molecule (atomic positions and bond lengths) is taken into account by using some screening coefficients and this enables the range of validity of the technique to be extended down to impact energies of ∼30 eV (or lower) for electron scattering.
The measured elastic DCS were extrapolated (θ < 15
• and θ >130
• ) with the help of a fitting method and then integrated numerically. Briefly, we have made use of a modified phase shift analysis (PSA) (see Eqs. (1)- (3)), including polarization and the Born approximation for the higher phase shifts (Eq. (3)), or the corresponding shapes of our IAM-SCAR calculation as a guide (see, e.g., Refs. 6-9 and references therein for details on the calculation procedure). As far as the modified PSA is concerned, briefly, the fitting formulas were used by a single expression as
where C L is the Born approximation for the higher phases in the Thompson form, 15 k is the wave number of the free electron, α is the atomic/molecular polarizability, P is the Legendre polynomials, and f(θ ) is the scattering amplitude. Values of α relevant to this study can be found in Table I . In simple PSA fitting, 16 N (k) = 1, and the scattering function becomes S (k) = exp (2iδ ), where δ are the phase shifts. As shown in Figs. 1(a)-1(c), the present PSA fitting results typically follow theory in the unaccessed DCS angular regions up to an impact energy of 10 eV. The parameter L is set to be as small as possible (generally less than 5) being limited by the number of experimental points and the degree of smoothing. At low energies k 2 makes the fit nearly independent of α. Therefore, above 10 eV, the shape of the IAM-SCAR theory is more reliable to help obtaining the integral cross section. This is reasonable as the calculation is in good agreement with the experiment over the range of angles measured for the DCS at these energies, as discussed in more detail in Sec. IV. Due to the uncertainty involved in the extrapolation process, we estimate an error of ∼30% of the present elastic ICSs and momentum transfer cross sections (MTCSs). Table I summarizes the dipole moments and dipole polarizability of the C 4 F 6 isomers, 1,3-C 4 F 6 , 2-C 4 F 6 , and c-C 4 F 6 , together with F, SF 6 , C 2 F 6 , C 3 F 6 , and C 6 F 6 . Though the present C 4 F 6 isomers are six-fluorine containing molecules where the constituent carbons are composed with mutually different configurations, i.e., cis-, linear-, and cyclicstructures. Tables II-IV list scattering from the C 4 F 6 isomers. At the bottom of Tables II-IV Figure 2 compares the experimental elastic DCS of these C 4 F 6 isomers at 3, 7, and 10 eV incident electron energies and also shows the IAM-SCAR calculations. In Figure 3 the measured DCS for C 4 F 6 isomers, C n F 6 (n = 2, 3, and 6) and SF 6 are compared at 50 and 100 eV, respectively, along with the corresponding theoretical results from the IAM-SCAR model for the F and C atoms. Finally, the experimental and theoretical elastic ICSs for 1,3-C 4 F 6 , 2-C 4 F 6 , and c-C 4 F 6 , are plotted in Fig. 4 , respectively, along with available experimental and theoretical literature data on the total cross sections, 5 and experimental data on the ionization 17 and attachment cross sections. 18 Note, as mentioned above, that there is no previous theoretical data on the C 4 F 6 isomers available for comparison except from the present calculation. We will now discuss the main relevant features from the analysis of each figure.
IV. RESULTS AND DISCUSSION
cm 2 /sr) for electron scattering from 2-C 4 F 6 . The current ICSs and MTCSs (both in units of 10 −16 cm 2 ), derived from present DCSs, are given at the foot of the
A. Elastic DCS overview
The first systematic and concise set of data for electron scattering from 1,3-C 4 F 6 , 2-C 4 F 6 , and c-C 4 F 6 are presented in the energy range from 1.5 to 200 eV, and over the scattering angle range between 15
• and 150
• . It is clear from Figs. 1(a)-1(c) that the measured DCSs are generally strongly peaked in magnitude towards forward scattering angles. This effect is, however, less pronounced for 1,3-C 4 F 6 below 5 eV and for 2-C 4 F 6 at electron energies below 5 eV. This result is consistent with the long-range interactions and it is worth noting that 1,3-C 4 F 6 and 2-C 4 F 6 have no permanent dipole moments and that of c-C 4 F 6 is relatively small, while all three are more susceptible to the dipole polarizability at lower impact energies (Table I ). The DCSs measured at 100-200 eV show the strongest enhancement, which is reminiscent of direct scattering from the long-range polarization potential being the most dominant interaction mechanism at higher impact energies. Another interesting characteristic is the absence of any observable effect from the different molecular compositions of these compounds on the measured DCSs at higher energies, i.e., DCSs show remarkable similarities with six fluorine containing molecules above about 20 eV. At 100 and 200 eV, DCSs are undulated moderately for the forward scattering direction due to the interference of the scattering waves from the composite atoms. Those features are clearly reflected in the IAM-SCAR calculations which agree particularly well with the measured DCSs, at higher impact energies.
Within the IAM-SCAR framework described above, the electron-molecule interaction potential is basically assumed to be a coherent sum of spherical atomic potentials, so the angular distribution of the elastic scattering (DCS) depends on the chemical binding, i.e., cis-, linear-, and cyclic-molecular structures, resulting in a considerable anisotropic charge distribution of the valence electrons for the C 4 F 6 isomers. However, we calculated the cross sections by assuming random orientations because this is the normal situation of the experiments in the gas phase. Furthermore, due to the optical theorem, the ICSs are always the sum of the atomic ones. The effect of the SCAR corrections is to reduce the contribution of the atomic cross sections when they overlap (i.e., at the lower energies). This approximation has been, however, applied successfully: (1) if the constituent atoms in the target are heavy atoms 23 and (2) if the interaction region is the inner part of each atom for fast electrons large-angle scattering, 7 where the potential field is more or less spherical. Even so, at 200 eV for C 4 F 6 isomers, some deviations are emerging commonly for backward scattering above 90
• , which may be due to the multiple scattering processes in a molecule. However, the present computation describes reasonably well, both qualitative and quantitatively speaking, the cross sectional behaviour above 20 eV.
Hence, below 20 eV, electron interactions may be more dominated by the chemical-binding molecular nature. As discussed below, DCSs reveal more complicated but systematic trend both in the angular distributions and in the magnitudes, which cannot be reproduced with the present IAM-SCAR calculations. Its limit of application will motivate more sophisticated approaches, like R-matrix, the Schwinger Multichannel methods to try to describe those features. Typically below 20 eV, electron interactions may be resonant in character, leading to the formation of transient negative ions (TNIs) through electron attachment, i.e., shape resonance. Such TNIs may decay in the elastic or inelastic channel but may also lead to a metastable anion or to dissociation of the molecule (dissociative electron attachment) producing neutral products and fragment anions. [19] [20] [21] At low electron impact energies, C 4 F 6 isomers exhibit resonance features in the TCSs between 1 and 15 eV, as most noticeable in Fig. 4 for 1,3 -C 4 F 6 and 2-C 4 F 6 in the incident energy range between 2 and 10 eV. Such characteristics are, in general, expected to be predominantly both in the elastic scattering and, notably, in the vibrational inelastic channels, but dissociative electron attachment may also contribute.
Furthermore, below 20 eV in Fig. 1 , DCSs are extrapolated in the forward and backward directions with the help of a modified PSA fitting just as a guide because of no theoretical calculations available in the literature. Note, in practice, this fitting is used for smoothing (e.g., interpolating) the DCS measured, while the contribution from the extrapolated DCSs is within less than 10% over all scattering angles (in the integration due to the weighting factor sin θ ). DCS of 1,3-C 4 F 6 At low impact energies, i.e., in the range from 1.5 to about 5 eV a weak minimum that shifts towards smaller angles with increasing energy is observed in the elastic DCSs of 1,3-C 4 F 6 at fairly small scattering angle. Further, a weak maximum at ∼40
Elastic
• becomes noticeable at 4 eV and vanishes at higher energies (already at 7 eV). Such undulation in the angular behaviour results from the scattering attributed to the chemical-binding molecular nature with weak resonant features. It is also worth commenting that at electron impact energies from 5 to 10 eV, above 70
• , the measured DCS is fairly isotropic. This may be related to several weak resonant channels opening in this energy range as can be seen on the rising slope of the broad feature at about 5 and 8 eV in the TCS. 4, 5 From these, the former may be related to the formation of TNIs, i.e., the temporary trapping of the incident electron in a π a (20a) → π b * (20b) antibonding molecular orbital, observed in the electron spectra, 1, 22 and the latter with higher lying resonances from dissociative electron attachment experiments. 20, 21 At higher energies, the experimental data agrees well with the IAM-SCAR calculation which is reminiscent of the dominant direct scattering in this energy range. Here, the DCSs show a clear minimum at ∼100
• at 20, 30, 50, and 100 eV, which slightly shifts to larger angles and becomes shallower at 200 eV. A less pronounced minimum is also apparent at about 40
• -50
• in the range from 20 to 200 eV and is progressively shifted to larger angle above 30 eV.
Elastic DCS of 2-C 4 F 6
In contrast to 1,3-C 4 F 6 , Szmytkowski and Kwitnewski 4, 5 noticed that the TCS of 2-C 4 F 6 does not show a maximum at very low energies but only one very broad enhancement with two maxima peaking at ∼8 and 30 eV. The latter was reported in other perfluorinated hydrocarbons and attributed to a behaviour in common with perfluorinated compounds. 4, 5 This is particularly relevant for discussion in Sec. IV C. The previous electron scattering data, 4, 5 reported a shoulder in the TCS between 2.5 and 4.0 eV and peaking somehow at 2.8-3.0 eV, which may also partly be attributed to a resonant electron capture. 20 Around 8 eV, the TCS is characterised by a pronounced maximum 4, 5 and we notice in a recent study on the electronic state spectroscopy of the C 4 F 6 isomers 1 that hexafluoro-2-butyne shows an intense oscillator strength (at 9.94 eV) assigned to the A 2u component of the π (6e u ) → π * (6e g ) transition.
The most noticeable feature in the experimental DCSs of 2-C 4 F 6 is the strong forward scattering at higher energies and how this gives way to a relatively isotropic DCS at 7 and 10 eV. Below 4 eV the cross section decreases as the angle becomes smaller. This is evocative of the behaviour noted previously 6 in a number of molecules at energies near or above the position of low energy shape resonances (in the vicinity of 2 eV in electron attachment to 2-C 4 F 6 ). Also, at about 3 eV a maximum at ∼30
• becomes noticeable but vanishes as the impact energy increases (already at 5 eV).
Above 10 eV the experimental DCSs for 2-C 4 F 6 agree well with the IAM-SCAR calculations and besides the strong forward scattering component the main features are two minima, one close to 45
• at 20 eV that is progressively shifted to shorter angles with increasing energy, and a second at ∼100
• at 30, 50, and 100 eV that is shifted to larger angles at 200 eV.
Elastic DCS of c-C 4 F 6
The general shapes of the DCSs of hexafluorocyclobutene may be divided into the low energy regime where resonant processes can contribute significantly and the higher energy regime where direct scattering dominates. In particular, the DCSs show a clear minimum at 3 eV (∼40
• scattering angle) that shifts towards larger scattering angles at 4 eV and vanishes at about 5 eV. A new minimum starts to evolve at 5 eV and becomes more pronounced at 7 eV, and is shifted towards smaller angles, at 7 and 10 eV. Also, it is noticeable that at 4, 5, and 7 eV incident electron energy the measured DCS is fairly isotropic above 80
• scattering angle. In a recent electron energy loss spectroscopy study, 1 an intense feature which has been assigned to the π (7b 1 ) → π * C=C (1a 2 ) transition was observed in this energy region. This contribution was found to peak at 8.02 eV and might, thus, be partly responsible for the isotropy observed in this energy range. Above 10 eV, the general behaviour of the elastic DCS of c-C 4 F 6 is very similar to that of the other C 4 F 6 isomers. The agreement with the IAM-SCAR calculations is again good in this energy range and two minima are observed; one at scattering angles at about 30
• and the second close to 100
• . Similar to the other compounds, the latter minimum is observed close to 100
• at 30, 50, and 100 eV impact energies, and gets shallower and is shifted to larger angle at 200 eV.
Comparison of C 4 F 6 isomers DCS at low and intermediate energies
In Figure 2 we show for comparison the experimental DCS for electron scattering from 1,3-C 4 F 6 , 2-C 4 F 6 , and c-C 4 F 6 at low and intermediate impact energies, respectively. From Fig. 2 , we see clear differences in the DCS behaviour for the C 4 F 6 isomers, especially with respect to c-C 4 F 6 compared to 1,3-and 2-C 4 F 6 at impact energy of 3 eV. At the most forward scattering, only the c-C 4 F 6 DCS shows a considerable enhancement, which is almost an order of magnitude larger than in the case of 2-C 4 F 6 . From Table I we note that, although there is no particular difference between the dipole polarizabilities of the C 4 F 6 isomers, the modest dipole moment of c-C 4 F 6 may be responsible for the differences in shape and magnitude of the DCS. Regarding Fig. 2 and electron impact energy of 7 eV, with the exception for 60
• scattering angle, the general behaviour on the DCSs is identical, and so the clear minimum for c-C 4 F 6 can be due to molecular structural differences, i.e., its cyclic form. Of relevance is the fact that from Fig. 1(c) it is clear that for 10 eV (also visible at 7 eV), the c-C 4 F 6 isomer shows a considerable undulation enhancement in the DCS which may reflect the cyclic molecular structure contributing to such angular behaviour. Regarding the IAM-SCAR calculation in Fig. 1(b) , at energies below 30 eV, the method often provides a reasonable shape description for the elastic DCS but overestimates the magnitude.
We now turn to Fig. 3 where a close inspection of the experimental DCSs for the C 4 F 6 isomers at impact energies of 50 and 100 eV reveals an independent atomic structure effect for the molecules, i.e., the electron scattering process is only sensitive to the presence of the fluorine atoms that actually dictate the nature of the DCSs. Worth mentioning is that Szmytkowski and Kwitnewski 4, 5 noticed that the TCS for 1,3-C 4 F 6 and 2-C 4 F 6 overlapped nearly above 30 eV. They have suggested that an independent atom approximation, at higher energies, can reasonably reproduce the scattering process. This is shown here for the first time that such assumption is correct and we will discuss that in Sec. IV B.
B. Comparison with the atomic F-DCS
In Fig. 3 we compare in detail the present experimental DCSs for each of the C 4 F 6 isomer together with SF 6 24 and C n F 6 (n = 2, 3, and 6) at 50 eV and 100 eV. From a qualitative perspective, there is excellent agreement in all cases of six-fluorine containing molecules DCSs. In many of the plots in Figs. 1(a)-1(c) we also find very good agreement in terms of the magnitudes of the cross sections between our measured and calculated data. Given that our IAM-SCAR theoretical approach is explicitly built upon scattering from atomic centres, the level of agreement observed in Fig. 3 is a strong evidence in support of the assertion that atomic-like effects remain prevalent in what are fundamentally molecular systems. Moreover, as depicted in Fig. 3 , we also compare the experimental DCSs with theoretical elastic scattering DCSs from 6 atomic fluorines (DCS of a fluorine atom multiplied by 6) and 4 atomic carbons (DCS of a carbon atom multiplied by 4) at incident electron energies of 50 and 100 eV, respectively. Again, the angular behaviour in the calculated DCSs is reminiscent of those observed in the six-fluorine containing molecules DCSs. We believe this constitutes further convincing evidence for atomic-like behaviour in the scattering dynamics. Nevertheless there are differences, in particular, in regard to the magnitude of the depths of the critical minima (which is more clear for 50 eV), which suggests to us that 4 carbon atoms and the chemical-binding molecular nature effects are still playing a role here.
In a recent publication, 7 we have compared in detail the experimental data on CCl 4 with the previous experimental DCSs for CH 3 Cl and theoretical ones (IAM-SCAR) for the Cl atom at 50 eV and 100 eV. From a qualitative point of view, we observed a good agreement in both cases (but particularly at 50 eV) between measurements and calculations. This has allowed us to suggest strong evidence in support of the assertion that atomic-like effects may remain prevalent in what are fundamentally molecular systems. Moreover, Hoshino et al. 23 as a result of progressively substituting a Cl-atom in going from CF 4 to CF 3 Cl to CF 2 Cl 2 to CFCl 3 , and to CCl 4 , the undulations in the angular distributions have been found to vary in a largely systematic manner, concluding therefore that the elastic scattering process is dominated by the atomic-Cl atoms of the molecules.
Kato et al. 6 have concluded that in many cases the structure observed in the CH 3 X halomethanes (X = F, Cl, Br, and I) was also partly found in the corresponding noble gas species, suggesting therefore that a bonded halogen atom, F, Cl, Br, and I, behaves somewhat like a Ne, Ar, Kr, and Xe atom, respectively. The bonded halogens are acting like their corresponding noble gas counterparts, because the atomiclike behaviour due to heavy atoms (F, Cl, Br, and I) manifests itself in the measured cross sections.
This constitutes further evidence for atomic-like behaviour in the scattering dynamics in addition to the electron scattering collisional data on C 4 F 6 molecules. We also note that in Fig. 2 as we go to lower energies, at least until 7 eV, the data suggests that molecular-like behaviour becomes increasingly important.
C. Comparison of integral and total cross sections
In Fig. 4 we show our elastic integral cross sections for 1,3-C 4 F 6 , 2-C 4 F 6 , and c-C 4 F 6 , respectively, as obtained from our measured DCSs as presented in Sec. III. These are compared with the available total cross sections in the literature. In addition, the results from the present IAM-SCAR calculations for the elastic ICS, total cross sections, and sum over all inelastic ICSs (except vibrational excitations) are also plotted. Note that independent ionisation cross sections 17 are also shown for each species, where available, to illustrate the efficacy of the BEB model approach.
In Fig. 4 we compare the present elastic ICS to corresponding results from Refs. 5, 17, and 18. The present "experimental" TCS are, to within our stated uncertainties, generally found to be in reasonable agreement with our calculated IAM-SCAR TCS for each target. This important self-consistency test at the total cross section level gives us some confidence in the validity of our DCS measurements and the elastic ICS we have derived from them. Note that given the rather coarse energy grid of our measurements, we typically do not reproduce the rich resonance structure observed by Szmytkowski and Kwitnewski. 4, 5 
V. CONCLUSIONS
We report experimental elastic differential, integral, and momentum transfer cross sections for electron scattering from C 4 F 6 molecules. Corresponding comparison with other sixfluorine containing molecules and recent theoretical differential cross sections from the IAM-SCAR model for F atom have also been discussed. Agreement between these sets of data is generally very good at incident electron energies, in terms of the shapes and angular distributions of the cross sections. The level of agreement reported here suggests that atomic-like behaviour in the scattering process may be of considerable relevance, at least in the energy range above 50 eV. Integral elastic cross sections were also determined and found to be in reasonable good agreement with the results from our IAM-SCAR computations. These elastic ICSs were also found to be nicely consistent with the previous results from TCS measurements of Szmytkowski and Kwitnewski 4, 5 as well as our own IAM-SCAR results.
